Introduction
Top […] officials are accused of colluding with a cartel of construction and engineering firms to agree to overpriced contracts for major work that would be paid for by the state-run company's multibillion-dollar budget. Federal prosecutors say the cartel then channeled the excess cash back to [the State-run oil company's] officials and divided up the work themselves. The officials allegedly took cuts of those bribes, but passed much of the rest of it to dozens of politicians and several major political parties to be used in election campaigns. (Sandy, 2016) Brazil is a democratic society and the seventh largest economy in the world based on nominal gross domestic product (GDP). From 2000 to 2012, Brazil had an average annual GDP growth rate of over 5% and was one of the fastest-growing major economies. However, despite economic growth, the Brazilian public has been vocal about the repeated occurrence of infrastructure projects experiencing increases in their budget; as a result, this has adversely impacted investment in education and healthcare, which is desperately needed. This position has not arisen due to poor control or mismanagement of funds, which has often been espoused in studies explaining increases in the budget of infrastructure projects (e.g. Flyvbjerg, 2016 ).
An investigation being carried out by the Brazilian Federal Police on widespread corruption is being undertaken and was started in March 2014. It initially focused on a money laundering investigation and has subsequently been expanded to examine other allegations of corruption at a state-run oil company (henceforth, the 'oil' company). Here it has been alleged that executives accepted bribes in return for awarding contracts to construction firms at inflated prices (Brazilian Federal Police, 2016) .
The investigation has uncovered corruption, embedded within the fabric of the national 'oil' company's procurement practices. Investigators have obtained evidence that explicitly indicates a collusive behaviour among specific construction firms (referred to as the League of 16). Juxtaposed with some politicians and administrative employees from the 'oil' company, several construction firms have been involved in the 'overpricing' of infrastructure projects that have been constructed. Up until April 2016, 572 mandates to search and seize documents and assets and 153 conduction and 154 arrest warrants had been deployed by the Brazilian Federal Police Force. According to Rosas (2015) , the lead federal prosecutor estimated that the damage caused by the perpetrators in this ongoing case will exceed R$20 billion (approximately US$9·8 billion). Several court decisions have initially found the defendants guilty, although appeals are now in process and with the courts; case numbers include 508337605.2014 .4.04.7000/ PR, 508336051.2014 .4.04.7000/PR, 508335189.2014 .4.04.7000/PR, 508340118.2014 .4.04.7000/PR and 508325829.2014 .7000/PR.
Many of the construction firms and public officials involved in the case have admitted guilt and entered into plea bargains. Brazil's second largest construction firm, for example, agreed to return US$285 million to the government as result of a co-operation agreement with the Justice Ministry. Executives from this firm have admitted to paying bribes to politicians for contracts with the 'oil' company and other public projects (Agencia EFE, 2016) . Such projects included soccer stadiums for the 2014 Fédération Internationale de Football Association World Cup, the Angra 3 nuclear power plant and Belo Monte hydroelectric power plant. Construction firms and public officials have begun to assist investigators to uncover how a self-denominated League of 16 cartel wilfully agreed to overprice infrastructure projects. While the Federal Police have believed that this organised criminal behaviour has existed for a significant period of time, prosecution teams have struggled to provide courts with the necessary independent evidence to unearth the existence of overpricing (Signor et al., 2016a (Signor et al., , 2016b .
Determining the presence of overpricing has been, and still remains, an arduous task for the Federal Police (Lopes, 2011) . However, a way to detect the cartel's existence and their collusive behaviour is to compare their bidding behaviour and outcomes to those of construction firms that have not taken part in the collusion. The literature is replete with research that examines bidding practices and the determination of collusion (e.g. Brown and Loosemore (2015) , Chotibhongs and Arditi (2012) , Le et al. (2014) , Zarkada-Fraser and Skitmore (2000) ). Nonetheless, there is a paucity of real-life cases presented from the experiences obtained from those 'on-the-ground personnel' investigating corrupt practices. Due to the sheer volume of research that has examined corruption in construction, it is beyond the scope and context of the case study presented in this paper to provide a detailed review. However, a detailed review of corruption in construction can be found in the works of Bowen et al. (2012) , Brown and Loosemore (2015) , Ko and Weng (2011) , Le et al. (2014) , Sexton (1989) , Sohail and Cavill (2008) and Zhang et al. (2016) .
With this in mind, this paper provides insights into the largest corruption scandal, in dollar terms, ever identified in any democracy. This paper presents the scientific approach used by the Brazilian Federal Police to pinpoint the overpricing behaviour and outcomes of the League of 16 construction firms. The research draws its conclusions by providing insights into the intendment of the League of 16's bidding patterns with an example of the 'real' cost of cartelisation that was experienced and is extrapolated from an infrastructure project. Insights provided in this paper offer a unique opportunity to learn from the experiences of the Brazilian Federal Police in detecting overpricing and collusive behaviour when procuring infrastructure projects.
Uncovering the national 'oil' company's bidding process
Brazil's national 'oil' company, which is the world's sixth biggest energy firm when their asset values are considered, is involved in the exploration, production, refining and sale of oil, gas and energy and forms the backbone of the Brazilian economy (Barnato, 2014) . For decades, the 'oil' company has made a series of major investments in the construction of major petrochemical infrastructure in Brazil.
The 'oil' company starts its bidding processes by defining a project's scope, and then an in-house team prepares an initial estimate of the expected construction costs. Thereafter, bids are administered by the 'oil' company by way of selective tendering; invitations are distributed to selected companies based on previous relationships or based on the capacity of the potential bidder in a particular line of expertise. Furthermore, the 'oil' company's rules often limit invitations to national firms, which reduces the number of bids for a project. A key finding that has emerged from 'Operation Car Wash' is that bidders may be invited for political reasons rather than their technical capability and competence.
The 'oil' company advertises that it does not have an obligation to accept the lowest bids, accepting only those within the range of −15 to +20% relative to their own estimate. Prices above these limits are considered anomalous and excluded from the tender process. In cases where the prices are below the lowest limit, the 'oil' company may request the bidder to ratify its bid and then the company considers whether or not to accept the proposed price.
In an event where bidders have identified significant errors in the 'oil' company's estimates, or vice versa, deliberations around the initial estimates may take place.
The Federal Police's forensic experts have revealed that in cases where collusion has been suspected, mostly in large projects (>R$100 million or approximately US$49 million), only the League of 16 firms had provided bids. In most of the 22 projects initially examined, it was revealed that 15 had the same pattern of bidding, in which winning bids were very close to or more than 20% above the 'oil' company's in-house estimates and all the others were 'cover bids'. Notably, a detailed examination on the methods used for determining non-competitive bids can be found in the papers of Lai et al. (2004) and Skitmore (2000) . In some instances, there is evidence to suggest that the cartel colluded to offer prices that were significantly higher than the 'oil' company's original estimate. This approach abetted colluders to force upward reviews of the 'oil'
company's estimates such that the bidding process must be repeated. The cycle continued until the cabal's goals were met. Figure 1 exemplifies this modus operandi -derived from a particular project identified by the experts investigating the case.
In this example, it was revealed that the League of 16 had submitted bids that were far above the 'oil' company's estimate. In both the bid and the rebid rounds, the 'oil' company had to review its estimates. After the rebid, this project was directly contracted for R$1·94 billion (approximately US$950 million) to consortium 1. would otherwise be expected to compete, secretly conspire to raise prices or lower the quality of goods or services for purchasers who wish to acquire products or services through a bidding process. Public and private organizations often rely upon a competitive bidding process to achieve better value for money. Low prices and/or better products are desirable because they result in resources either being saved or freed up for use on other goods and services. The competitive process can achieve lower prices or better quality and innovation only when companies genuinely compete (i.e., set their terms and conditions honestly and independently). Bid rigging can be particularly harmful if it affects public procurement. Such conspiracies take resources from purchasers and taxpayers, diminish public confidence in the competitive process, and undermine the benefits of a competitive marketplace.
According to the OECD (2009: p. 2), collusion often occurs when a stable market that has limited or no new entrants is dominated by only a few players, and when major industry associations are misused. Moreover, the OECD underlines repetitive bidding as an incentive for collusion, as well as when products and services are identical, when there are few if any substitutes and when little or no technological change is verified for the product or service. In the present case involving the League of 16 construction firms, it appears the OECD indicators of collusion became present. All the suspected bids received involved a small number of bidders; possible competitors were prevented by strategic requirements and qualifications that favoured only the League of 16. In addition, investigators found that all the suspected perpetrators provided similar types of service and there was a paucity of alternatives provided.
According to the OECD (2009), collusion may also occur when competitors are prone to collaborate and present joint proposals (e.g. in a consortium), even though each organisation may individually have the capacity to deliver the outcomes that are required satisfactorily. Furthermore, other indicators of collusion that have been identified include (OECD, 2009) ■ the submission of identical tenders or the prices submitted by bidders increase in regular increments ■ a tenderer manifests irregular pricing pattern -for example, proposes rates that are significantly different for the same items, in identical or similar projects ■ the same forms of collusion (e.g. bid rotation, bid suppression, cover pricing and market allocation) are perpetrated around the same clients or project types.
As part of their ongoing investigation, investigators have found that these attributes were present in several tenders of the 'oil' company's processes. In all cases examined, the same set of bidders' proposals was found to be akin in nature (i.e. all were Collusive bidding in Brazilian infrastructure projects Signor, Love, Olatunji, Vallim and Raupp significantly higher than the estimated market value). Evidence that had also been accumulated indicated that a consortium had been formed, which comprised the country's largest construction/ engineering firms that were capable of submitting independent proposals. In addition, the winning bids (from the League of 16 cartel) were significantly higher than tenders submitted by the same bidders in unfettered bids, either as a consortium or individually. Moreover, evidence has revealed that there had been a proclivity for losing tenders to have been submitted as 'cover' prices. For these reasons, the investigators have concluded that in accordance with the OECD's indicators, collusion had taken place with the 'oil' company and the member construction firms of the League of 16.
While the investigators deemed that collusion had arisen, the evidence was merely circumstantial; to obtain a conviction, courts require an explicit and convincing burden of persuasion beyond the level of preponderance. Furthermore, the evidence that had been obtained in the investigation did not provide an indication of the probable losses to the 'oil' company and the state of Brazil. According to the OECD (2002: p. 1)
It is not easy to quantify these effects, however. It would require comparison of the actual market situation under the cartel to that which would exist in a hypothetical competitive market. Competition officials usually do not undertake to make such a calculation, both because it is difficult to do and because their laws usually do not require it. When an estimate of harm is necessary, however, most officials employ a proxy, which is the unlawful gain accruing to the cartel members from their activity. In its simplest form, this estimation is the product of the cartel 'mark-up' above the competitive price and the commerce affected (in units) by the cartel agreement. Even this calculation can be difficult, as it requires an assessment both of the amount of 'affected commerce' and of what the 'competitive' price would have been absent the agreement.
Cost of collusion in infrastructure procurement
Collusion within the construction industry is a global and ubiquitous problem (e.g. Brown and Loosemore (2015) , Chotibhongs and Arditi (2012) , Dorée (2004) , Lai et al. (2004) , Le et al. (2014) ). For example, the Competition Commission in Hong Kong has suspected that bid rigging has been rife within the residential renovation and maintenance market for many years, but they have had no proof such activities have been taking place (Yau, 2016) . Being able to prove collusive bidding has become a pervasive problem for governments and their respective legal jurisdictions worldwide.
In 2001, however, the Netherlands uncovered a cartel that existed within its public procurement system. According to Priemus (2004) , the arranged sharing of markets by the building companies, using concealed competitive tendering, appeared to be a norm. Furthermore, Dorée (2004: p. 148) suggested that the group of contractors made no attempt to deny the reality of the cartels and bid rigging that had occurred. Thus, seen as systemic issues, a parliamentary committee was formed to investigate the issues and to recommend solutions. The committee found an average difference of 8·8% between cartelised and non-cartelised tenders. The recommendation provided by the committee was that all cartelised contracts that had been concluded were required to pay back monies received above the average to the State Treasury (Tweede Kamer der Staten-Generaal, 2003 The extra cost was around $50 million on the $144 million project.
The US Sentencing Commission (USSC, 2015: p. 310) had also a similar issue and stated […] there is near universal agreement that restrictive agreements among competitors, such as horizontal price-fixing (including bid-rigging) and horizontal market allocation, can cause serious economic harm.
The agreements among competitors […] are almost invariably covert conspiracies that are intended to, and serve no purpose other than to, restrict output and raise prices, and that are so plainly anticompetitive that they have been recognized as illegal per se, i.e., without any inquiry in individual cases as to their actual competitive effect.
The difficulties involved in calculating the 'economic harm' of collusion have been recognised by the USSC (2015: p. 310), which adopts the following simple guideline
The fine for an organization is determined by applying Chapter Eight (Sentencing of Organizations). In selecting a fine for an organization within the guideline fine range, the court should consider both the gain to the organization from the offense and the loss caused by the organization. It is estimated that the average gain from price-fixing is 10 percent of the selling price. The loss from price-fixing exceeds the gain because, among other things, injury is inflicted upon consumers who are unable or for other reasons do not buy the product at the higher prices. Because the loss from price-fixing exceeds the gain, subsection (d)(1) provides that 20 percent of the volume of affected commerce is to be used in lieu of the pecuniary loss under §8C2.4(a) (3). The purpose for specifying a percent of the volume of commerce is to avoid the time and expense that would be required for the court to determine the actual gain or loss.
Forensic investigators' analysis of collusion scenarios
Ongoing investigations have uncovered a network of corruption practices. Among them there were cases related to the Brazilian
'oil' company, which was the object of a series of plea bargains.
As the tender patterns of the League of 16 construction firms were consistent with one another, in most of the cases recorded by the 'oil' company, this provided the grounds for the Federal Police to become suspicious that collusion had taken place. Investigators, however, needed to prove that the bids were indeed collusive and not independent. Consequently, the suspected tender processes were tested statistically by comparing their bid patterns against those that were not under suspicion for similar projects undertaken by the 'oil' company.
The comparison was based on the assumption that in a 'healthy' competitive environment, where competitors have no knowledge of each other's bids and will not match prices, bid behaviour is consistently random. In this instance, independent bids would randomly differ from each other and with the 'oil' company's estimate. However, in the bid pattern involving the cartel, a particular group of bidders had their prices pre-arranged in a consistent pattern, suggestive of collusion. The first burden of proof, therefore, is whether the bids of the League of 16 construction firms (individually or in consortium) are different in their pattern from others'. The pattern being investigated is whether the suspected colluders had repeatedly worked together to influence increases in tender prices artificially. To test whether the successful bidding processes were different from the others, a total of 77 recent projects undertaken by the 'oil' company were randomly selected using the following criteria ■ bidding must be under competitive conditions -negotiated tenders were excluded ■ projects must be large (>R$100 million (approximately US $49 million)) ■ a minimum of three valid bids must have been received in the course of competition.
The collated data from the 'oil' company were separated into two groups.
■ There exists at least one bid from a company that was neither a part nor in partnership with any of the League of 16 construction companies. A total of 55 projects were collated in this category. ■ Only the League of 16 companies had bid either independently or in partnership with other companies. Data from a total of 22 projects were obtained.
Extracts of these data are presented in Tables 1 and 2 ; for the purpose of brevity, the raw data are partially presented in the tables. The following were considered regarding the bid data presented in Tables 1 and 2 .
■ Bid values always referred to the initial bid provided by each construction firm (second and third bids were not considered as it was assumed that competitors were aware of the 'oil' company's estimate). ■ The values of the 'oil' company's estimate (last line of each process) were always considered to be the most up-to-date estimates. If the 'oil' company, however, incurred an error and subsequently recognised and 'corrected' the estimate, then this figure was used to assess bids. Note that bidders within a healthy competitive environment should not have prior knowledge of the 'oil' company's estimate and therefore any revision to it should not be influenced by the value of bids that had been submitted for consideration.
Analysis of the unfettered competitive bids
The descriptive patterns of the bids that were examined are presented in Table 1 . This involved 476 samples from 55 projects in which competitors ranged from three to 21. As projects varied in their size, cost and location and were undertaken at different periods in time, the analysis focused on creating a set of parameters that could facilitate an objective comparison to be undertaken. In particular, the investigators compared the relative difference between the tender prices of the bidders' proposals and the 'oil' company's estimates. The statistical analysis was started by searching for anomalous bids (i.e. outliers). In doing so, it was considered that if a healthy competitive environment existed, then unbiased bids would be randomly dispersed, with some competitors providing bids above the 'oil' company's estimate and others bidding below this amount, as shown in Figure 2 .
In a healthy competitive bidding environment, anomalous bids referred to as 'dives' can be observed. Such bids are driven by bidders who offer tender prices that are extremely low (Priemus, 2004) . Here contractors may intentionally misrepresent the true costs of line items or involuntary errors. In an event that a diving bid has occurred, the bidder is at the risk of incurring financial losses, and thus, this could derail the 'oil' company's commitment and anticipated outcomes for a project. More importantly, the 'oil' company's procurement policies and Brazilian laws do not accept extremely low bids as viable proposals. Bearing this in mind, such bids were removed from the data set, as exemplified by bid number 5 in Figure 2 .
Within the healthy competitive bidding environment, it was observed that many bids were considerably higher than the 'oil' company's initial estimate (bids 4 and 10 in Figure 2 are examples). Such excessive bids can be driven by bidders' quotation errors. In addition, preparing a bid for the sampled projects would have been a considerable task considering their size and complexity (i.e. >R$100 million (approximately US$49 million)) and therefore risk would have been accordingly priced in their offer.
When difficult bids were encountered, perhaps due to project uncertainty (e.g. aleatoric and epistemic), inexperience or even having limited interest in being awarded a contract, bidders increased their prices by adopting a 'betting bias' attitude to maximise their ability to acquire a gain and minimise their potential loss (Van Der Meulen and Money, 1984) . The 'oil' company and the Brazilian legal fraternity have recognised this problem and parameters were adopted to avoid abnormally high bids by eschewing them as being acceptable prices. Adopting the same criteria used for the diving proposals, the high outliers were also excluded from the sample. The 'oil' company was supposed to eliminate all bids that were outside the range of −15 to +20% around its estimate; yet hindsight reveals that this practice was 'knowingly' overlooked. In examining bids, the investigators therefore applied statistical criteria to determine their admissibility in accordance with the methods proposed by Grubbs (1969) . The results of applying Grubbs's methods demonstrated, at a significance level of 5% (one-tailed), that 14 bids were identified as being outliers as they abnormally differed from other bids that formed part of the tendering process. These samples were therefore excluded from the data set. The remaining 462 bids were sorted by how much they deviated from the 'oil' company's estimate (Figure 3 ).
After the initial purge of the outliers, there remained cases that abnormally differed from the others ( Figure 3) . As a result, additional statistical analysis was performed on the grouped data, by using the analysis of outliers in the remaining data set, which has been advocated by Grubbs (1969) . It was found that two (in the lower tail) and 21 (in the upper tail) bids may also be considered outliers. Thus, they were also excluded from the data set, which resulted in 439 bids being considered valid.
Adopting this sanitised data set, the investigators applied the procedure propagated by and to determine the empirical probability distributions that best describe the data. Using EasyFit software, the 'best-fit' probability distributions were determined by determining their 'goodness of fit', which measures the compatibility of a random sample with a theoretical probability distribution. . A description of these statistical tests used to determine a best-fit probability distribution can be found in the paper by . Figure 4 presents the histogram of the data and the normal (also referred to as a Gaussian) distribution that can be considered appropriate.
When a 5% significance level is considered, the suitability of the normal distribution cannot be rejected; this is a simple and wellknown form of distribution. Based on this finding and its general familiarity, it was chosen as the distribution to represent the data set best. Thus, it can be assumed that the general behaviour of the unfettered competitive bids derived from the 'oil' company can be represented by a normal distribution with parameters x ¼ 0Á082 and s = 0·192. Table 3 presents the chosen distributions, their parameters and the values of the goodness-of-fit calculations for all tests performed in this paper. Figure 4 indicates that bids are distributed around the 'oil' company's estimates, with positive and negative deviations, which are balanced and fitted to the normal distribution (as expected from random errors). The 'oil' company's initial estimates provide robust benchmarks for undertaking a comparison with bids submitted under a competitive and anticompetitive tendering environment. Moreover, the average of all bids was 8% above the 'oil' company's initial estimations; they are therefore deemed to be a reliable estimate of the work that was required to be undertaken.
Analysis of the League of 16 bids
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was an outlier. In addition, the grouped data analysis revealed that eleven bids (in the upper tail) were outliers and should be removed from the data set, which resulted in 73 valid bids ( Figure  5 ). Once the outliers were removed from the data set, the procedure for determining the best-fit distribution was repeated. Again, the normal distribution was identified as appropriate to describe the data (Figure 6) .
At 5% significance level, the D, A 2 and c 2 values indicate that the normal distribution could not be rejected and was a suitable fit. The statistical analysis of the bids received is presented in Table 3 . The bid deviations for the League of 16 compared to the 'oil' company's estimates are normally distributed with parameters x ¼ 0Á357 and s = 0·232 with the mean value of those from the League of 16 further from the 'oil' company's initial reference by approximately 36%.
5.3
Comparison between the unfettered competitive and the League of 16 bids After identifying the expected bid behaviour for 'extensive competition' and the bidding restricted to the League of 16, the investigators tested the hypothesis that these two bidding groups were different -that is, the behaviour of one group statistically differed from that of the other. This fundamental fact needed to be established to support the conclusion that the bids restricted to the League of 16 were cartelised and had been used to increase the price of the oil projects artificially; this would confirm the content of the widely publicised plea bargains that were being encountered.
The most common statistical test used to solve the presented problem is a two-sample location test, which is referred to as Student's t-test. This statistical test can provide a confident answer about the equality of the samples. Thus, a t-test was used to compare the two means of the samples so as to determine whether the data sets examined are from the same population or not (the requirements for independence of the samples, their randomness and normality were met). Thus
t crit a ¼ 0Á05; 72 ð Þ≈ 2Á00
4.
As t > t crít , there was sufficient evidence to reject the null hypothesis (the equality of the means). This test points to the conclusion that the behaviour of the bids restricted to the League of 16 was significantly different from the extensive competition bidding practice and thus does not represent the same phenomenon. This statistical evidence, combined with other features already described for the bids restricted to the League of 16, led the investigators to conclude that a cartel was in operation. After identifying the expected behaviour of the healthy competitive bidding environment, the investigators were able to determine the likelihood of bids prepared by the League of 16. The mean and standard deviation obtained from the normal distribution from the healthy bidding sample of construction firms were used by the investigators to calculate the probability of occurrence of each bid restricted to the League of 16. This probability reflects the deviation of proposals from the 'oil' company's estimate -that is, exorbitant prices would have been unlikely. This calculation was made for the same example shown in Figure 1 . The results obtained and presented in Table 4 indicate that the bids submitted had a minimum probability of occurrence.
Considering the analysis that has been presented, the investigators concluded that the bids presented in Table 4 , for example, were concerted. Thus, there is almost a zero combined probability of occurrence P (A ∪ B ∪ C) that this set of proposals presented by 160   38  17  39  40  69  16  49  35  41  61  70  19  71  44  73  74  6  1  32  26  27  8  46  57  47  33  22  34  9  78  59  79  80  11  52  81  68  82  30  83  76  85 Relative difference between the bids and the state-run company's estimate: % Bids 
Estimating the direct economic harm of collusion
After proving the existence of the League of 16 cartel, the investigators aimed to estimate the value of the direct economic harm that the 'oil' company had suffered as a result of the lack of competitiveness that had taken place. In doing this, the experiences reported in Australia, the Netherlands and the USA were considered, which have suggested that comparative models are most suitable for estimating losses that can arise from the concerted action of cartels and monopolies.
To estimate the direct harm, the collusive prices of similar projects that had not been suspected of irregularities were compared with one another. This method is akin to that proposed by the European Commission (2013), as it aims to compare the price expectations in a competitive scenario with the prices observed in an anticompetitive scenario. A way to determine the reference scenario is to undertake a simple direct comparison (European Commission, 2013) .
In this specific case, it was observed that the 'oil' company's bidding processes were best suited for direct comparison, since concerted and competitive bids occurred concomitantly; essentially, the bidding processes were homogenous in nature. The introduction of new variables was not necessary as they may have been subjected to bias and may not necessarily provide an adequate explanation about the extent of the damage that the cartel has inflicted on the public sector.
A probabilistic model was created to represent the 'noninfringement scenario', which also served as a point of reference. The probabilistic model considers only the winning bids from each unfettered process. Notably, all the bids of the unfettered processes are important for describing the behaviour of healthy competition, but only the winning bids are important to evaluate the direct harm imposed by the collusive contractors. Hence, the procedures associated with the probabilistic analysis for the healthy processes were repeated, with only the winning proposals considered appropriate (excluding the outliers). Table 5 considers the 'statistical winner', which means that if some bid in the lower tail was excluded by the 'oil' company under their internal criterion (which is not a scientific approach) but was not considered an outlier according the statistical tests, it was considered as the preferred winning bid paper. Figure 7 denotes the distribution of bids sorted by those who deviated from the 'oil' company's estimates. 0·2   0·3   67  280  32  376  136  406  18  303  213  458  127  320  449  166  269  354  235  52  38  325  312  467  60  403  390  5  41  219 Relative difference between the bids and the state-run company's estimate: % Bids Collusive bidding in Brazilian infrastructure projects Signor, Love, Olatunji, Vallim and Raupp In this case, outliers were not found; the analysis procedure previously described was again undertaken. The analysis revealed that the set of the 55 winning bids derived from the healthy bid environment presented deviations in relation to the 'oil' company's estimates, which can be represented as a normal distribution with parameters x ¼ −0Á105 and s = 0·138 (Table 3 , Figure 8 ). At this juncture, it is important to emphasise that bids of all competing participants from the healthy bid environment were on average of 8·2% above the 'oil' company's estimates; the winning bids, however, had been on average discounted by 10·5% below the 'oil' company's estimate.
The investigators identified above that the expected value for the best bids in a healthy competitive environment was represented by a discount below the 'oil' company's estimate. To estimate the harm that had been caused by the 'oil' company who engaged in collusive activities within a cartelised environment, for example, the contract shown in Figure 1 and Table 4 is examined. It is important to point out that only the direct loss is estimated in this paper. The residual loss (caused by a reduction in competition in other contracts, which naturally raises the negotiated prices, among other factors) and the indirect loss (i.e. the lack of competitiveness that causes a reduction of improvements in production and use of new technologies due to a lack of incentives) were not considered. Needless to say, the values obtained represent the parameters for overpricing, as they reflect economic loss that has been incurred by the 'oil' company as a result of rigging bids. This overpricing may have resulted in excessive profit, bribes, redistribution between the League of 16 and fraudulent outsourced contracts. However, the process for determining the harm of overpricing does not provide a differentiation between the aforementioned corrupt actions, but the total direct costs to the contract that had been let by the 'oil' company. In Table 6 , the 'oil' company's estimate and the expected value of the bid that is anticipated based on a healthy competitive environment are provided. It can be seen that the contracted value was significantly higher than the expected value and thus resulted in 22% direct loss in this instance for this project.
Conclusions
Corruption is a pervasive issue worldwide. This has been, and continues to be, a demanding and difficult task as there has been an absence of scientific methods that can be used to 'determine' that overpricing takes place. This problem has confronted not only the Brazilian Federal Police but also many other jurisdictions throughout the developing and developed worlds.
Recognising this problem, and suspecting that collusive bidding had occurred in some contracts, a total of 561 bids for 77 projects were analysed. It was revealed that in the suspect contracts, an anticompetitive behaviour had taken place when the OECD's corruption indicators were applied. Aiming to prove this crime scientifically, statistical methods were used to test the hypothesis of collusion. The analysis revealed that the competitive bids were normally distributed (x ¼ 0Á082 and s = 0·192) around the 'oil' company's pre-tender estimates. However, it was revealed that the League of 16's bids, although also normally distributed, were consistently different from random competitive behaviour (x ¼ 0Á357 and s = 0·232).
The statistical analysis used to determine overpricing and the existence of the League of 16 has provided the Brazilian Federal Police with the ability to redress the presumption of innocence that has been previously considered by judges when seeking to convict perpetrators. The approach has yet to be used by judges but has enabled the Federal Police to provide scientific evidence that overpricing and corruption have taken place. 
